In four-dimensional compactifications of the heterotic superstring theory the Kähler potential has a form which generically induces a superpotential mass term for Higgs particles once supersymmetry is broken at low energies. This "µ-term" is analyzed in a model-independent way at the tree level and in the one-loop approximation, and explicit expressions are obtained for orbifold compactifications. Additional contributions which arise in the case of supersymmetry breaking induced by gaugino condensation are also discussed.
Introduction
Minimal supersymmetric generalization of the standard model of electro-weak interactions requires the existence of two Higgs doublets. Futhermore, a mixed mass-term is necessary for these doublets in order to avoid a massless axion. This generates a hierarchy problem since a new mass scale µ, of order of the weak scale, must be introduced by hand.
One way to avoid this problem is that µ is induced by the breaking of local supersymmetry [1] . The µ-term is then generated provided that the Kähler potential mixes Higgs doublets with neutral scalars which acquire vacuum expectation values of order of the Planck scale.
Superstring theory provides a natural setting for such a mechanism since explicit mass terms are absent for Higgs particles while the spectrum contains neutral moduli which can provide the required mixing in the Kähler potential [2] . However, it turns out that there are also additional contributions to the induced µ-term due to effective interactions which are not described by the standard two-derivative supergravity. They correspond to higher weight F-terms. In this work, we present an analysis of the moduli-dependence of these new interactions. We also discuss the moduli-dependence of the contributions to µ that are due to the Kähler potential terms quadratic in Higgs fields. We derive explicit expressions for orbifold compactifications, up to the one-loop level.
We will restrict our discussion to the case of (2,2) compactifications of the heterotic superstring. In this case, the gauge group is E 6 × E 8 and the matter fields transform as 27 or 27 under E 6 and they are in one-to-one correspondence with the moduli: 27's are related to (1,1) moduli and 27's to (1,2) moduli. The Kähler potential has the following power expansion in the matter fields: where A and B refer to 27's and 27's, respectively. The function G defines the moduli metric which is block-diagonal in (1,1) and (1,2) moduli: G = G (1,1) + G (1, 2) . The moduli -2-metrics as well as the matter metrics Z (1, 1) and Z (1, 2) have already been studied up to the one-loop level [3, 4] . In discussing general properties we will follow the notation of [3] , and label 27 (27) fields with letters from the beginning (middle) of the greek alphabet. Moduli are generically labelled by latin letters.
The function H, which depends on the moduli, does not affect the renormalizable couplings of the effective field theory at energies above the supersymmetry breaking scale.
At low energies, below the supersymmetry breaking scale, a superpotential mass term µ αν A α B ν appears though in the "observable" matter sector [1, 2] , with the parameter
where m 3/2 is the gravitino mass and h n is the auxiliary component of n-th modulus [of (1, 1) or (1,2) variety]. The additional contributionμ αν depends on the interactions discussed in the next section. It also contains an explicit superpotential term that may be generated at the supersymmetry breaking scale if this breaking occurs as a result of non-perturbative effects which violate non-renormalization theorems. After including wave function normalization factors, the observable fermion masses read:
The paper is organized as follows. In section 2, we describe a higher weight F-term which, in the presence of Yukawa couplings of charged fields with singlets, gives rise to effective interactions that mix with the standard two-derivative couplings. We discuss the relation between these new interactions, Yukawa couplings andμ. In section 3, we examine the tree level contribution to the H tensor. We express both H and the coupling associated with the higher weight interaction in terms of the singlet Yukawa couplings, generalizing special geometry to the matter field components of the Riemann tensor. A significant simplification occurs in the case of orbifold compactifications where the higher weight term vanishes identically. In section 4, we determine the dependence of the function H on untwisted moduli. We show that this dependence is consistent with large-small -3-radius duality, with (1,2) moduli transforming non-trivially under SL(2, Z) duality transformations of (1,1) moduli, and vice versa. In sections 5 and 6 we continue our discussion of orbifold models. In section 5, we compute the one loop contribution to the H-function.
In section 6, we discuss the matter-dependent part of the one loop threshold correction to gauge couplings. They are phenomenologically interesting because they also induce fermion masses, through gaugino condensation. This non-perturbative mass generation is discussed in section 7 where explicit expressions are derived for higgsino masses in orbifold models.
A higher weight F-term
The most convenient way of computing the H-function at the tree level is to consider the four-scalar scattering amplitude A(A α , B ν , Mm, Mn) involving 27, 27 and two antimoduli. In the leading, quadratic order in momenta, there exist in general two contributions to this process. The first, coming from the standard D-term interactions in the effective Lagrangian, gives the Riemann tensor of Kähler geometry, R αmνn = ∇m∂nH αν . The second contribution exists only in the presence of Yukawa couplings involving A, B and a gauge singlet s, and it is not described by the standard supergravity Lagrangian. It involves a two-derivative coupling of two anti-moduli to the auxiliary component ofs. The auxiliary field propagates between this coupling and the Yukawa coupling to A and B, producing an effective interaction which contributes to A(A α , B ν , Mm, Mn). We begin this section by giving a superfield description of a higher weight F-term which describes such higherderivative couplings of auxiliary fields and scalars.
The procedure that we adopt here in order to construct locally supersymmetric Fterms which accomodate such two-derivative mixings of auxiliary fields with scalars and in general, interactions involving more than two spacetime derivatives, is to construct these terms in superconformal supergravity, and to impose subsequently the standard N=1
Poincaré gauge fixing constraints [5] . In general, multiplets in superconformal theory are -4-characterized by the conformal (Weyl) and chiral weights which specify the properties under the dilatations and chiral U(1) transformations. All (standard) chiral superfields carry weights (0,0), except for the chiral compensator Σ with weights (1,1). 1 An invariant action can be constructed from the F-component of a chiral superfield with weights (3,3).
The standard superpotential W is a function of (0,0) fields only, and the corresponding lagrangian density is obtained from the F-component of Σ 3 W ; in this case, the (3,3) weights are supplied entirely by the chiral compensator.
Higher weight, generalized superpotential interactions can be constructed by including superfields which are chiral projections of complex vector superfields. The superconformal chiral projection Π, which is a generalization of theD 2 operator of rigid supersymmetry, can be defined for vector superfields V with weights (2,0) only; a chiral superfield Π(V ) has weights (3,3) [5] . These higher weight chiral superfields can be used to construct F-term action densities. 2 The interaction term that is relevant for the computation of the function H can be written as:
where
with complex functions f 1 and f 2 depending on weights (0,0) (chiral and anti-chiral) superfields only. These functions can carry some additional indices which are assumed to be contracted in eq.(2.1).
The gauge fixing that leads to N=1 Poincaré supergravity is imposed by constraining the scalar and fermionic components of the chiral compensator. A sigma-model type constraint which is convenient for discussing the string-loop expansion of the effective action 1 The first number in a bracket refers to the Weyl weight while the second number to the chiral weight. 2 In fact, the standard two-derivative kinetic energy D-term can be written as the F-component of 
After imposing appropriate constraints on the chiral compensator, the components of Π(ΣΣe −K/3 f ) can be written as
where z i , χ i , h i are the scalar, fermionic and auxiliary components, respectively, of chiral superfields (zī,χī and hī are their complex conjugates). The subscripts on the function f denote ordinary partial derivatives, whereas the reparametrization covariant derivative ∇ acts as ∇īf = fī −Γk ı fk, with the reparametrization connection Γ
, in which we neglected terms that are irrelevant for the following computations, allow expressing the higher weight F-term (2.1) in terms of component fields:
-6-where a round bracket on the superscript denotes symmetrization (square brackets will be used later to denote antisymmetrization).
From the form of the F-term in eq.(2.7), it is clear that the interference between these new couplings and the H-dependent part of the Kähler potential occurs in all amplitudes involving a 27-27 pair of scalars. In fact, the standard two-derivative K ABz = ∂zH AB vertex interferes with the Yukawa coupling W ABs due to the mixing between hs and ∂ 2z .
Similar interference occurs in the supersymmetric partner of this vertex, involving two matter fermions and one auxiliary field. The corresponding diagrams are shown on Fig.1 .
The diagram 1a generates the standard contribution to µ (the second term of eq.(1.2)), while 1b gives rise to the additional contribution:
where G ss is the inverse metric of singlets. Note that since A and B are massless throughout the whole moduli space, there always exists a field basis in which there is no mixing between moduli and singlets in the Kähler metric.
In the case of (2,2) models, the F-term is related to the Yukawa couplings with singlet fields. First of all, using N=(2, 2) world-sheet supersymmetry one can show that all relevant amplitudes originating from the F-term (2.1) vanish unless they involve at least one singlet (other than (1,1) or (1,2) moduli). Next, we consider the amplitude A(χī,χ, Mk,s), involving two anti-modulinos, one anti-modulus and one anti-singlet. Collecting all the relevant terms in (2.7) and using mass-shell conditions one can show that:
where Tīs = (∇īf
s . In the expression (2.9) the reparametrization covariant derivatives 4 Our conventions follow ref. [3] ; in particular, the kinematic variables are defined as
-7-appear as a result of combining reducible and irreducible vertices coming from (2.7) and kinetic energy interactions.
We can now use the supercurrent of the right-moving (bosonic) sector to relate this amplitude to that with two of the moduli being replaced by charged matter. Note that both the world-sheet supercurrents of the internal N=2 superconformal theory have first order poles in their operator product expansion with the singlet vertex operator. We can follow the method of [3] to show firstly that when all the three moduli are of (1, 1) or (1, 2) variety this amplitude vanishes. Specializing then to the case ofī andk refering to (1, 1) and to (1, 2) anti-moduli respectively, one obtains the following relation:
where the Regge slope α ′ = 2/g 2 in our mass units. The U matrices transform matter indices to the corresponding moduli indices [3] . In a natural basis for the matter fields, they are given by Ub β = δb β exp
). In amplitudes involving 27-27 pairs, like in (2.10), the exponential factors cancel and the moduli indices can be identified with matter indices.
Comparing (2.9) and (2.10) we obtain:
where we used the fact that Wīks = 0 since bothī andk correspond to 27's. In this way, we related the higher weight F-term (2.1) to standard Yukawa couplings involving gauge singlet fields.
In the case of orbifold compactifications, the tensor Tīs vanishes for untwisted modulī ı and since the singlet carries a non-zero charge under the enhanced gauge symmetry.
However, this argument does not apply in the presence of blowing-up modes (twisted moduli) which transform non-trivially under enhanced symmetries. Indeed we found explicit -8-examples in the case of Z 6 orbifold in which the amplitude (2.9) is non-zero when all fields belong to twisted sectors.
Function H at the tree level
As already mentioned, the most convenient way of computing H is to extract it from 
The mixed Riemann tensor R αmνn is directly related to the H-tensor. Indeed from (1.1) it follows that, up to the quadratic order in matter fields,
In the case of (2,2) compactifications, following again the approach of ref. [3] , one can use N=2 world-sheet supersymmetry of the right-moving sector to show that a non-vanishing amplitude (3.1) must necessarily involve two antimoduli of different (1,1) and (1,2) varieties.
Furthermore, such amplitudes can be related to amplitudes involving four matter fields:
where a = b are arbitrary gauge indices.
Using the results of ref. [3] for the four-point matter amplitudes, one obtains:
In (3.4), we replaced the reparametrization derivative ∇ (see (3.2) ) by an ordinary partial derivative, since there are no connection terms which mix (1,1) and (1,2) moduli. Equation (3.4) generalizes special geometry to matter field coordinates of the Riemann tensor. One can check that the Riemann tensor (3.4) obeys the Bianchi identity, ∇lR αmνn = ∇mR αlνn , as a consequence of the relation (2.11) between the T -tensor and the Yukawa couplings.
At this point, we have two equations, (2.11) and (3.4), which in principle should allow expressing both tensors H and T in terms of the Yukawa couplings of 27 and 27 with singlets. We first note that physical amplitudes like (3.1) remain invariant under the transformation:
where Λs is an arbitrary (vector) function. The symmetry transformation (3.5) is valid for all compactifications. In the case of (2,2) models, this freedom can be used to solve equation (2.11):
Moreover, equation (3.4) provides a differential equation for H:
Although the transformation (3.5) is manifestly a symmetry of the on-shell physical amplitudes, it is not obvious how this could be implemented off-shell. This is a general problem of ambiguities in constructing the off-shell action from the data of on-shell amplitudes. In particular, the mass formula (1.2) withμ given in (2.8) is not invariant under the transformation (3.5), as it involves couplings with auxiliary fields. However, Yukawa couplings of the Higgs fields with singlets would give additional contribution toμ, and a -10-non-vanishing vacuum expectation value can be in principle generated for a singlet at the supersymmetry breaking scale, producing a direct higgsino mass. The correct mass formula would therefore involve the complete minimization of the scalar potential, and we believe that the above ambiguity should disappear at the true classical solution.
In the case of compactifications which give rise to the particle content of the minimal supersymmetric standard model at low energies, the singlets are either superheavy or have 
Tree level µ-term in orbifold compactifications
As an example, we determine the dependence of the function H on untwisted moduli in orbifold compactifications. In this case, equation (3.4) could be in principle modified due to exchange of gauge bosons of the enhanced symmetry group in amplitudes involving four matter fields. However, using the results of ref. [3] , one can show that these additional contributions cancel in the combination of four matter field amplitudes appearing on the r.h.s. of eq.(3.3). Therefore, relation (3.4) remains valid in the case of orbifolds, as well.
Furthermore, in the case of untwisted moduli, the Yukawa couplings appearing in eq. (3.4) are constants (moduli independent) while as already mentioned, the higher weight F-term is absent. Thus, the computation becomes very simple.
Consider first untwisted matter fields which can be parametrized as matrices A 
where the SL(2, C) invariance was used to fix the world-sheet positions ofT ,Ū and A vertices at 1, 0 and ∞, respectively. It is a general property of orbifold compactifications that non-diagonal moduli matrices are in one-to-one correspondence with non-singlet representations of non-abelian enhanced symmetry groups; furthermore U and B matrices are always diagonal. It follows from (4.2) that the amplitude under consideration is non zero only if all moduli and matter fields are associated with the same plane, which implies that the matter fields are singlets with respect to non-abelian enhanced symmetries. Evaluating (4.2) and using relations (3.1) and (3.2) one obtains:
where we used the fact that there is no connection that mixes (1,1) and (1,2) moduli. 
Once supersymmetry is broken, the induced µ-term of equation (1.2) yields a mass (1.3)
for the higgsinos: There exists yet another way of deriving eq.(4.4). The effective action describing untwisted moduli and matter fields can be obtained by the orbifold truncation of N=4 supergravity Lagrangian along the lines of ref. [6] . A plane containing (1,2) modulus U and (1,1) modulus T contributes to the Kähler potential as
which yields the result (4.4) for the function H, when expanded to the quadratic order in the matter fields.
The Kähler potential of eq.(4.6) is consistent with the SL(2, Z) large-small compactification radius duality:
-13-where, as usual, ad − bc = 1. The untwisted matter fields transform under this transformation as SL(2, Z) modular forms of weight 1:
SL(2, Z) duality does indeed induce a Kähler symmetry transformation provided that the associated (1,2) modulus transforms as
Note that in the presence of matter fields U is no longer inert under large-small radius duality. Similarly, T transforms under SL(2, Z) U-duality.
Consider now the case of twisted matter fields A and B. As we have previously explained, the relevant Riemann tensor R AT BŪ = ∂T ∂Ū H AB is still subject to eq. 
One Loop Corrections to the function H
A general method for computing one-loop corrections to the Kähler potential has been described in ref. [4] . In particular, explicit expressions for the one-loop corrections to the Kähler metric have been derived in orbifold compactifications by considering the couplings of matter and moduli fields to the antisymmetric tensor b µν . Here, we shall follow a similar method to compute the one-loop correction H
AB to the function H. In fact [4] :
Note that the last two contributions in the r.h.s. correspond to reducible diagrams involving an intermediate modulus field propagating in the s-channel coupled to AB at the tree-level and to bŪ at one loop.
6
In order to extract H
AB it is sufficient to consider only the odd spin structure contribution to this amplitude. To perform the computation, we use the form (4.1) for the matter and moduli vertex operators together with the vertex operator for the antisymmetric tensor in the −1-ghost picture, ψ [µ∂ x ν] e ip 4 ·x , accompanied by one supercurrent insertion. A simple zero mode counting shows that, up to the quadratic order in the external momenta, only N=2 orbifold sectors contribute to this amplitude. In fact, N=4 sector requires 10 left-moving fermionic zero modes, whereas in N=1 sectors only the zero momentum part of one of the matter fields contributes to this order, and the corresponding left-moving boson
∂X cannot be contracted.
In N=2 sectors, 2 left-moving fermions of the untwisted plane are saturated by the zero modes, as well as 4 space-time fermionic coordinates, and a non vanishing result is obtained 6 The existence of one-loop corrections to the Kähler metric G
(1) kk of the moduli associated with Z 2 -twisted planes has been recently pointed out to us by V. Kaplunovsky. These arise due to singularities associated with additional massless particles at T = U which have been overlooked in ref. [4] .
-15-only when all three fields A, B andŪ come from the same, untwisted plane. The result is:
Zη(τ )
where τ = τ 1 + iτ 2 is the Teichmüller parameter of the world-sheet torus, q = e 2πiτ , and η is the Dedekind eta function. p L and p R are the left and right momenta, respectively, associated with the untwisted plane:
with integer n 1 , n 2 , m 1 and m 2 . p R is obtained by replacingT with −T . Z is the lattice
The second equality in (5.2) has been derived by using the identity:
The integrals involved in (5.2) have already been evaluated in [4] when computing the one-loop correction to the Kähler metric. First, the z-integral gives:
where Γ A is the anomalous dimension operator defined in [4] , and the trace extends over the right movers except for the space-time coordinates and the lattice of the untwisted plane.
Finally, the integral over τ in (5.2) has also been computed in [4] , where it was shown to be proportional to the wave function renormalization factors, Y A , Y B :
Here,b A =b A /ind, whereb A is equal to the β-function coefficient of the gauge group that transforms A and B non-trivially in the corresponding N=2 supersymmetric orbifold, and -16-ind is the index of the little subgroup of the untwisted plane in the full orbifold group [7] .
Furthermore, y A is a constant which does not depend on the moduli T and U. In this way, one finds that the r.h.s. of (5.2) 
T )/(U +Ū) 2 , where the function
. As a result, we obtain the following one-loop correction to the function H:
Note that since G (1) is invariant under the transformation (4.7), the above expression is consistent with the invariance of the one loop correction to the Kähler potential,
AB AB + c.c.), under the full set of SL(2, Z) duality transformations (4.7-4.9).
The one loop higgsino mass, or more precisely, its boundary value at the unification scale M, can be obtained from eq.(1.3):
where the tree-level and the one-loop contributions to the function H are given in eqs. (4.4) and (5.7), respectively.
In order to examine the modular transformation properties of the higgsino mass (5.8),
it is convenient to expand the superpotential as:
SL(2, Z) invariance of the effective action under the transformations (4.7-4.9) requires that the superpotential transforms as
Using auxiliary field equations hn = m 3/2 Kn n (∂ n ln W + K n ) and eqs.(5.10), one finds 11) which shows that the physical mass transforms with an unobservable phase factor.
-17-
Matter field dependence of threshold corrections to gauge couplings
We will consider in this section the AB-dependent part of one-loop threshold corrections to gauge couplings. Although a general discussion can be done, we will consider here for simplicity only the case of orbifolds.
It is convenient to start from the CP-odd axionic couplings, corresponding to amplitudes of the type A(A, B, A µ , A ν ), where A µ and A ν are gauge bosons. To simplify the discussion, we consider the case of gauge indices for the fields in a way that there no direct gauge interactions between A, B and the gauge bosons. This amplitude receives contribution only from the odd spin-structure on the torus. By taking into account all the reducible diagrams, one can write:
where the irredicible term Θ
AB is the quantity we are looking for, and Θ Proceeding now as in the previous section, we find that N=4 and N=1 sectors do not contribute, while N=2 sectors contribute only in the case in which A and B come from the same untwisted plane. We then derive the following expression:
where Q is the gauge charge operator. The expression (Q 2 − 1/4πτ 2 ) comes from the integration of the two-point function of the (level one) Kac-Moody currents [8] . The remaining -18-z-integral in (6.2) is the same as that of (5.5).
To proceed further, we take a derivative with respect toŪ and make use of the explicit expressions for p L , p R in terms of U and T given in eq. (5.3). This gives:
where in the second step we used the identity (5.4). Using (6.3) and (5.5) we obtain:
In the second equality of the above equation, we have used the fact that the boundary term for τ 2 → ∞ vanishes due to the presence of ∂ T , for generic radii.
The second term on the r.h.s. of (6.4) is identical to i[∂Ū H
(1)
as can be seen from (5.2) and (5.5). The first term is proportional to Θ (1) 5) whereb =b/ind withb being the β-function coefficient of the gauge group associated to the gauge fields A µ , A ν in the corresponding N=2 supersymmetric orbifold. Combining the two terms, one finds:
One can integrate this equation using duality invariance, with the result:
Using the results of section 4 on the tree-level H AB , the modulus k in (6.7) runs over T and U. Substituting the expression (6.5) for Θ (1) T (and similarly for Θ (1) U by replacing T with U), one obtains:
where ∆ is the inverse gauge coupling squared related to the axionic couplings by ∆ T = −iΘ T [7] . As expected, ∆
AB does not transform covariantly under duality transformations.
In fact, as shown in section 4, under duality transformation T → 1/T , U transforms inhomogeneously by an additive term proportional to AB. It is then the combination
AB AB + c.c.) + . . . which is duality invariant as can be explicitly verified.
From the second equality in (6.8), note that the one loop correction to the H tensor,
AB , appears as a universal (gauge group independent) term of threshold corrections, expanded to first order in matter fields. This is similar to the case of the leading order term of threshold corrections, where the universal piece (Green-Schwarz term [9] ) is again
given by the one-loop correction to the Kähler moduli metric [4] .
Differentiation of (6.8) with respect toT gives:
In fact, by following the method of ref. [8] one can show that this equation is valid for arbitrary (2,0) compactifications, when there are no massless matter fields transforming non-trivially under the gauge group. In this caseb = −c a , where c a is the quadratic Casimir of the adjoint representation. It has been shown previously [4] that, to the leading order in matter fields, the one-loop threshold corrections satisfy 10) where the indicesī, j represent fields which are neutral under the gauge group associated with ∆ 1-loop . Eq.(6.9) implies that the validity of (6.10) extends to higher orders in matter -20-fields. This result could be anticipated on purely field-theoretical grounds [9, 10] : the first term on the r.h.s. of (6.10) is related to anomalous graphs involving the coupling of the Kähler current to gauginos, whereas the second term is due to the form of the GreenSchwarz term which contributes to both Kähler potential and gauge couplings [4] .
Fermion masses induced by gaugino condensation
In this section we discuss some phenomenological implications of matter field dependent threshold corrections discussed in the previous section, for the gaugino condensation mechanism of supersymmetry breaking. Here again, we give an explicit discussion for orbifolds, however some general features will be shared by all compactifications. The analytic part of matter field dependent threshold corrections can be always expressed as the F-term of AB W 2 times some analytic function of the moduli; here W is the usual gauge fieldstrength superfield. It is clear that gaugino condensation, that is a non-vanishing vacuum expectation value of the scalar component of W 2 , induces a direct mass term for A and B.
Non-perturbative formation of gaugino condensates can be understood in terms of the effective theory of a gauge-singlet composite supermultiplet of gauginos and gauge bosons, coupled to "elementary" fields like the dilaton, moduli and matter fields [11] . This composite field can be integrated out, giving rise to an effective superpotential for the remaining fields [12] . The resultant effective action is highly constrained by the large-small compactification radius symmetry, which can be used very efficiently to determine the modulidependence of non-perturbative superpotential [13] .
The common feature of effective superpotentials induced by gaugino condensation is the presence of the non-perturbative factor exp(3S/2b 0 ), where S is the dilaton superfield and b 0 is the one-loop β-function coefficient of the "hidden" gauge group which, in order to make our discussion explicit, we assume to be E 8 ; in this case, b 0 = 3b = −90.
In order for the effective action to be invariant under the SL(2, Z) transformations (4.7- The non-perturbative superpotential that depends on the dilaton in the right way, and satisfies the symmetry requirements (5.10), is
where W may depend on the moduli of the two other planes. 7 Note that if the modular anomaly [9, 10] associated with a given plane is fully cancelled by the universal GreenSchwarz term (i.e. in the absence of "analytic" threshold corrections), W does not depend on the corresponding moduli since the full modular weight is provided by the e S/2b factor in the superpotential. The second term inside the bracket in eq.(7.1), which from the point of view of non-perturbative dynamics originates from matter field-dependent threshold corrections (6.8), gives rise to a direct mass for Higgs particles. Using auxiliary field equations and eq.(4.5), we obtain
and the higgsino mass
where the gravitino mass m 3/2 = e G/2 W .
Non-perturbative generation of higgsino masses is an inevitable consequence of the transformation rules of SL(2, Z) duality symmetry which involve matter-field dependent, 7 To be consistent, this superpotential should be used with the one-loop corrected Kähler potential
AB AB + . . .) + . . .
-22-inhomogenous terms as in eq.(4.9). In order to obtain concrete values of higgsino masses, the vacuum expectation values of the moduli should be determined by minimizing the effective potential. Unfortunately, the superpotential (7.1) suffers from the usual dilaton instability, therefore a complete minimization is not possible.
Conclusions
The µ-parameter, generating the mixing between the two Higgs doublets of the supersymmetric standard model, is generically induced in string theories once supersymmetry is broken at low energies. In this work, we analyzed in detail the effective µ-term, in a modelindependent way. In superstring theory there are three possible sources for generating µ:
1) The presence of a term in the Kähler potential which is quadratic and analytic in the Higgs fields, but with non-analytic moduli-dependent coefficient H.
2) The presence of a higher weight F-term, leading to interactions which are not described by the standard two-derivative supergravity. In the case of Higgs fields having non-trivial Yukawa couplings with gauge singlet fields, these new interactions mix with the ordinary two-derivative couplings.
3) Explicit superpotential masses, including possible non-perturbative contributions [14] .
In (2,2) compactifications, we were able to express both the Kähler function H and the coupling associated with the new, higher weight interactions in terms of the moduli metric and the singlet Yukawa couplings, generalizing special geometry to the matter field components of the Riemann tensor. However, the resulting mass formula becomes complicated because of the appearance of ambiguities related to the construction of the off-shell effective action. Furthermore, Yukawa couplings of Higgs fields with singlets produce in general a direct superpotential mass since the singlets can aquire non-vanishing expectation values -23-at the scale of supersymmetry breaking. Thus, a correct analysis requires the complete minimization of the scalar potential which is a complicated dynamical problem.
In the case of compactifications which give rise to the particle content of the minimal supersymmetric standard model at low energies, there are no massless singlets coupled to
Higgs particles and the above complication does not arise. In this case, the induced µ-term depends entirely on the Kähler function H and eventual non-perturbative superpotential generated at the supersymmetry breaking scale.
In (2,2) compactifications, the function H satisfies a very simple differential equation involving the moduli metrics. As an example, we determined its dependence on untwisted moduli in orbifold compactifications, up to the one-loop level. We showed that it is nonvanishing only in the case in which Higgs particles belong to the untwisted sector and are associated with a Z 2 -twisted internal plane. Furthermore, it depends on the moduli of this plane only. This dependence is consistent with large-small radius duality, with the U modulus transforming non-trivially under SL(2, Z) T -duality, and vice versa.
When supersymmetry breaking occurs through gaugino condensation, a direct nonperturbative superpotential mass is generated through the Higgs field dependence of threshold corrections to gauge couplings. We examined these threshold corrections at the one-loop level, for arbitrary (2,2) compactifications. We showed that their gauge group dependent part satisfies a simple differential equation involving only the tree-level Kähler function H. Moreover, the gauge group independent contribution (Green-Schwarz term) is given by the one-loop correction to H, as expected. As an example, we derived full expressions for matter-dependent threshold corrections in orbifold models. We also gave an effective action description of fermion mass generation by gaugino condensation. Higgsino masses can be expressed in terms of the gravitino mass and the moduli vacuum expectation values.
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